INTRODUCTION
The delivery of drugs using nanoparticles is an important and relatively new branch of nanotechnology. In the past, the development of a new drug concentrated mainly on its effectiveness with low or even no regard to the negative side effects that the drug can have a negative impact on the patient's body. Nowadays, considerable attention is paid towards the elimination of these negative side effects as much as possible [1] .
Nano-based drug delivery carriers, or nanocarriers, can consist of wide variety of materials, both organic (polymeric, lipid, protein, or viral) and inorganic [2] . The largest nanocarriers are liposomes, which are 80-200 nm in diameter [3] , polymeric nanoparticles (40-100 nm) [4] or micelles (20-60 nm) [5] and the smallest ones are dendrimers with less than 10 nm in diameter [6] . The use of suitable nanocarriers can significantly reduce negative side effects, as well as increase the biocompatibility, specificity, shelf-life and water solubility of the drug [7] . A diagnostic marker can also be encapsulated within the nanocarrrier for theranostic approach -combining diagnostics and therapy [8] .
The hunt for the perfect nanocarrier is still on. The most important property of a perfect nanocarrier is its size. The nanocarrier needs to be small enough to make use of the unique characteristics of tumour tissue and be able to enter cells, but large enough that it is not removed from the body by renal clearance [9] . It also needs to be easily produced, encapsulate large quantities of drug and have reliable mechanism of drug release to prevent premature release of the drug but ensure its release in target cells [10] . The size of the nanocarrier should be uniform and enable surface modification with targeting molecules [11] .
Inorganic nanocarriers are easier to produce; however, they are often immunogenic or even toxic to human cells. Natural nanocarriers that can be found in the human body are therefore more suitable [12] . One of these natural nanocarriers is the protein ferritin, responsible for the storage and transfer of iron in most organisms [13] . When the iron is removed, it creates a hollow cage called apoferritin [14] .
Apoferritin has been known since 1942, but the increased study came about it in the last 15 years ( Figure 1A) . It is mostly studied in relation to the nanoparticle formation in its cavity; however, in recent years, it has also been studied as a possible drug delivery vehicle. Figure 1B shows the results from the Web of Science database with the keyword "apoferritin" in relation to research areas.
The first mention of apoferritin as a cage for anticancer drug encapsulation was published by Sismek and Kilic in 2005 [15] . The encapsulation of drugs in apoferritin does not require any modification of either drug or carrier molecules because it exploits apoferritin behaviour in the surrounding environment [16] . Entry into cells is possible through specific receptors, which are found on most cells in the body. This natural ability of cells to incorporate ferritin can be more enhanced by targeting moieties [17] . 
APOFERRITIN -BASIC INFORMATION
Apoferritin is a protein cage, which forms the basis for ferritin [18] . Ferritin is responsible for the storage and transfer of ferric ions, that can be toxic to the organism in higher doses [19] . The apoferritin protein shell is in the form of a hollow rhombic dodecahedron, created by 24 roughly cylindrical subunits of two types [20] . Its most important property is its responsiveness to the surrounding proton concentration, which allows for a very simple encapsulation protocol [21] . The different channels in its shell allow for the entry of small molecules [22] .
Functions of ferritin in organisms
Iron, in the form of ferrous or ferric ions, is fundamental for the life functions of all eukaryotes and most prokaryotes; however, it is toxic when in excess of that required for cellular homeostasis [23] . Water-soluble ferrous ions (Fe 2+ ) can react with metabolically generated hydroxyl radicals and create dangerous reactive oxygen species (ROS) [24] . Many organisms, from humans to microorganisms, possess defensive mechanisms that transform ferrous ions into the insoluble ferric form (Fe 3+ ). One of these detoxifying factors is ferritin -major iron-binding protein in non-erythroid cells [13, 25] .
The phenomenon of ferritin reversible iron storage is supported by the mechanisms involved in the control of their expression, mostly connected to iron and stress, both at the transcriptional and the translational levels ( Figure 2 ) [26, 27] . The ferritin-H gene (FTH) is regulated by iron regulatory proteins (IRPs) and contains one iron responsive element (IRE) recognised under a low cellular Fe content by IRP1/2 repressing FTH translation [28] . As a response to high cellular Fe content, IRP1/2 is degraded via the 26S proteasome pathway, which promotes FTH and ferritin-L gene (FTL) translation [29, 30] . The regulated expression of FTH appears to be of particular importance for cellular adaptation to Fe overload [26, 31] . Transcriptional mechanisms are strictly involved in determining the tissuespecific H to L ratio [32] . In the case of oxidative stress, a significant elevation in the expression of ferritin-coding mRNA can be achieved [33] . In many respects, ferritin-H can also be viewed as a factor responding to inflammation. Inflammatory cytokines, particularly TNFα and IL-2, up-regulate ferritin biosynthesis [34] . The ferritin shell is able to store 4500 iron atoms in its structure in the form of ferric oxide phosphate, which is structurally similar to ferrihydrite [21] , although it generally contains less than 2000 iron atoms in the inner core [35] . The iron stored in the ferritin cavity is usually in the form of ferric hydroxyphosphate micelles [18] and it is readily available to cellular demand [36] . The major pathway of iron release in cells is via the degradation of the ferritin cage [37] . In this degradation, lysosomes play the pivotal role [38] . Thus, lysosomal inhibitors can block ferritin degradation, with simultaneous accumulation of protein cages with iron in organelles. The intra-lysosomal degradation of ferritin shields the other cellular components from the potential toxicity of iron, allowing the controlled release of the metal into the cytosol, where it increases the labile iron pool level [19] and induces ferritin expression.
Although ferritin is considered to represent cytoplasmic iron storage, novel functions for ferritin have recently been discovered, including ability to deliver iron into the brain across the blood brain barrier via clathrin mediated endocytosis, using recently described receptors [transferrin receptor 1 (TfR1), T cell immunoglobulin and mucin domain-containing protein-2 (TIM2), scavenger receptor class A, member 5 (SCARA5)] [39, 40] . Ferritin can also be an important factor in angiogenesis, where the binding of ferritin to the antiangiogenic cleaved form of kininogen abrogates its anti-angiogenic function, thus mediating pro-angiogenic processes [41] .
Iron-dependent expression of ferritin on the translational level. IRPs exhibit high affinity towards Fe ions, however with low intracellular amounts of iron, IRPs preferably bind to the iron responsive element (IRE), and thus translation of ferritin is stopped. On the other hand, with high levels of intracellular iron, IRP-Fe complexes are formed and ferritin subunits are translated to form the assembled protein, which can be further used for safe iron storage. Furthermore, possible ways of controlling ferritin expression, which can be involved both at the transcriptional and post-transcriptional levels, are listed.
Apoferritin structure
The ferritin protein can be expressed in iron-free conditions, thus creating a hollow nanocage without iron in its structure called apoferritin [42] . Another approach is the reduction of the iron from ferritin with sodium dithionite with subsequent removal by dialysis, which also produces apoferritin [14] .
The apoferritin cage is 450-475 kDa in size and it forms a shell with an outer diameter of 12-13 nm and an inner diameter of 7-8 nm [43] . The protein shell is in the shape of a hollow rhombic dodecahedron with 4-3-2 symmetry that forms intersubunit channels along the three-and four-fold axes to accommodate iron [21] . The faces of the dodecahedron are formed by two subunits related by a two-fold symmetry axis at the centre [18] . Each axis is connected to subunits by electrostatic interactions and hydrogen bonding. The two-fold axis is the most stable one, since the greatest number of interaction sites are there. The fewest interaction sites are found in the three-fold axis, the least stable one [44] . The crystal structure of apoferritin contains the ferritin core [42] .
The structure of animal apoferritin protein shell is composed of two types of 24 subunits -heavy (H) and light (L) -differing by the molecular weight -21 and 19 kDa, respectively [20] , with 53% sequence identity [45] . The H and L sequences are very heterogeneous between (apo)ferritins from different tissues within the same animal species with only 40-50% homology. However, sequences from the same tissue from different species are very homologous (85-90%) [20] .
The apoferritin subunit is almost cylindrical and it is formed by four α-helices with parallel and anti-parallel orientation (H1-H4), showing a left-handed twist [18] . The length of the H1, H2 and H3 helices is about 4.3 nm and H4 is about 5.2 nm long. The α-helices are connected via loops and a short fifth α-helix (H5, 1.6 nm) is located on the C-terminus , oriented almost at a 60° angle to the major helices [20] . Almost 75% of the 174 residues of the subunit are within the α-helices, corresponding to residues 14-40, 49-76, 96-123, 127-161 and 163-173 [18] . The short non-helical regions are located on both the N-and C-termini with two right-handed turns between the H1-H2 and H4-H5 helices [18] . There are abundant side chain interactions within each subunit. Many side chains interact to form hydrophobic cores at the two ends of the helical bundle. A large number of polar and hydrophilic residues, forming a network of hydrogen bonds, are located in the centre of subunit. This part is the most differentiated between the H and L subunits. The orientation of the helix bundle and the H5 helix is similar in both subunits, although they differ in the H4-H5 turn -in H subunits, it is formed by three overlapping turns, but in L subunits it is rather tight with only one amino acid residue between the end of H4 and the start of H5 [18] . The length of the apoferritin subunit is 5 nm with a width of 2.5 nm [18] .
The tissue specificity of subunits is mediated by the different functions of each subunit. The mammalian H subunit contains a ferroxidase centre in the major helix bundles with a bridging ligand (numbered as E62) between two iron atoms. The L subunit, however, contains a lysine at E59 instead of this residue, blocking the ferroxidase site by forming a salt bridge with glutamic acid at E104 of the same subunit. In addition, strong hydrogen bonding is present among the inter-and intra-L subunits [46] . The H subunits are thus mainly responsible for iron oxidation from Fe 2+ to Fe 3+ and the L subunits are responsible for nucleation and mineralisation of iron [47] -only the H subunit is catalytically active [48] , which is in contrast to prokaryotic apoferritin, where each of the subunits possess catalytic activity [49] and is more similar to the animal H subunit [18] . Due to the structural change, L-subunit-rich apoferritin is much more stable than H-subunit-rich apoferritin [20] . Some apoferritins also contain additional catalytically active subunits called M [48] . Plant apoferritin subunits are considered to be H/L hybrids, since they contain both a ferroxidase centre and a nucleation centre [50] .
Apoferritin possesses channels situated at subunit intersections, which connect the apoferritin cavity with the outside environment. Six channels at the four-fold axis are lined with hydrophobic leucine residues [51] , representing an energy barrier for ion uptake [52] . These channels are 1.2 nm long and 0.3-0.4 nm wide [44] and they are formed by contact between the H5 helices of four subunits from this axis, oriented from the outer to the inner part of the protein shell [18] . In contrast, eight three-fold channels are hydrophilic, 0.3-0.4 nm long and wide [44] and consist of negatively charged glutamic and aspartic acid residues [53, 54] . They are formed by a symmetrical convergence of three subunits at this axis which are in contact through the N-terminal ends of helices H1 and H4 and the C-terminal ends of H2 and H3 [55] . They attract Fe 2+ ions and are the location of iron entry [56] .
There are extended contacts between pairs of subunits with antiparallel orientation along the two-fold axes (the most stable one), involving helices H1 and H2 on each monomer. The loops of these paired subunits are oriented parallel to the two-fold axes [55] . These interactions are essential for the formation of the apoferritin 24-mer [57] .
The most characterised apoferritin is from the horse spleen and has been studied since 1937 [20] . Horse spleen apoferritin has an outer diameter of 12 nm and an inner diameter of 8 nm [58] . The thickness of the horse spleen apoferritin shell is 2.3 nm and the volume of its hollow core is 233.2 nm 3 with a ferrihydrite core volume of 142.0 nm 3 [21] . The ratio between the heavy and light subunits in horse spleen apoferritin is 85-90% for light subunits and 10-15% for heavy subunits, which ensures its high stability [20] .
(Bio)chemical properties
The quarternary structure of the apoferritin cage ensures its high solubility and thermostability [55] . It can withstand a wide range of pH (3.4-10.0) and still retain its hollow spherical structure of 12.3 nm in diameter. The denaturation of apoferritin occurs at pH levels below 1.0 or above 13.0. Between pH 1.0 and 3.4, apoferritin undergoes some structural changes. It can also sustain high temperature; denaturation occurs when horse spleen apoferritin is heated above 80 °C for 10 min [21] .
At neutral pH, the external surface of apoferritin has a net negative charge. Both the external and internal surface of apoferritin can be modified with different moieties [48] and through genetic and chemical modifications [59] . Some substances can bind to the apoferritin surface through hydrogen bonding (non-ionic molecules) or electrostatic interactions (ionic molecules) [60] . Small molecules (less than 2 nm) can enter the apoferritin cavity through channels in its structure via diffusion [22] . Electron transfer through the apoferritin shell is also possible [61] . Furthermore, apoferritin metal derivatives can coprecipitate with specific polycations and can thus be used for protein sensing [62] .
The important properties of apoferritin for its use as a nanocarrier for drug delivery are its self-assembling ability and the fact that its structure is dependent on the surrounding environment. It can reversibly dissociate and associate based on the pH [21] .
At pH levels above 3.4, apoferritin has spherical structure. Below pH 3.4, it becomes unstable, collapses and disassembles. The disassembly of apoferritin occurs stepwise through structural intermediates [21] . It starts at the weakest site, the three-fold axis, in the vicinity of the three-fold channels in the opposite direction [44] . First of all, at pH in the range of 3.4-2.4, apoferritin has an overall hollow spherical shape with changes in the structural details. At pH 3.24, a pair of subunits is disassembled from each of the north and south poles of apoferritin, creating two holes with a diameter of 6.5 nm. One more subunit is disassembled from each pole at pH 3.08, creating holes 6.7 × 9.2 nm in size. Another subunit (a total of eight) is dissociated from each pole at pH 2.85, still retaining the overall spherical structure. At pH 2.66, due to the loss of subunits, apoferritin becomes a headset-shaped structure and below pH 2.4 apoferritin becomes even more opened. Ultimately, at pH 1.96, there are significant changes to apoferritin, which starts to form a rodlike structure consisting of oligomers, mostly trimers [21] . Moreover, below pH 0.8, the disassembled subunits are aggregated, which is attributed to denaturation and driven by van der Waals and non-specific hydrogen bonding. Apoferritin in such a highly acidic environment is inhomogenous, polydisperse, and it has no definite size [21] .
The reassembly process of apoferritin is dependent on the disassembly process. It can never recover to the intact spherical shape. Furthermore, if disassembly was conducted at pH 1.96 or below (to a rodlike structure), the structural recovery is limited to the headset-shape structure formed by 12 subunits. If the disassembly was limited to the headset-shape structure (between pH 3.4 and 2.0), the resulting apoferritin has an overall spherical structure with two hole defects 6.5 nm in size at the north and south poles, and is formed by 20 subunits. The difference in reassembly recovery is probably due to the improper contact angles between the dimer and monomer components of the rodlike structure, thus the resulting headset structure cannot adopt more trimers or monomers to complete the reassembly process [21] .
The reassembled spherical structure with two hole defects can be useful for nanoparticle fabrication since the holes can serve as channels for mass transport [21] .
APOFERRITIN AS A NANOREACTOR
Apoferritin's cage is most often used as a template in nanoparticle or quantum dot (QD) synthesis [63] . It can also be used as a scaffold for supramolecular wrapping, nanoscale incarceration and nanostructure templating [64] . The entry of ions for nanoparticle formation is possible through the many channels in the shell of apoferritin [22] . Apoferritin used as a nanoreactor was found to be an effective tool for the synthesis of various well-defined nanoparticles.
Synthesis of nanoparticles within the apoferritin cage
Ferritins are known as iron storage proteins and similar biomimetic strategies as in case of iron can be used to synthesise other inorganic nanoparticles (NPs) (oxide, metallic and semiconductor) within the apoferritin cavity. It is able to accommodate several inorganic molecules and metal ions. Positively charged ions can enter the apoferritin cavity in the same way as iron. However, it has not yet been elucidated how anions enter ferritins. Recently, it was shown that highly conserved glutamic acid residues mediate iron transfer from channels to the ferritin enzyme site and with aspartate-promoted nanoparticle formation [65, 66] .
Oxide nanoparticles and semiconductor nanocrystals (QD's) with biocompatible and bioactive properties can be synthesised inside apoferritin [67, 68] . Ferritin with iron oxide cores can be sulphidised with H2S/Na2S within the cavity and used to produce FeS NPs. Moreover, redox-active metal ions can be synthesised in apoferritin with the most satisfying results found for Mn(II), which can create amorphous manganese oxide cores [68] . Other bivalent metal ions like Cd 2+ bind to the apoferritin cavity and thus can be used for the reconstruction of semiconductor NPs inside apoferritin [67, 69] . QDs and nucleated nanoscale CdS crystallites within the apoferritin cavity, created by the reaction of Cd 2+ and HS -, can offer unique photoresponsive and photoredox properties. These CdS NPs are preferentially developed within the cavity rather than on the surface and their size can be tuned. The presence of native iron-containing cores reduces CdS NP growth. In this process, the charged lining of the protein channels and cavity are important [67] .
In a case of creating semiconductor NPs inside apoferritin, successful synthesis depends on the suppression of chemical reactions outside of the cavity. Firstly, positive metal ions need to be introduced to the demetallated protein cavity (apoferritin) and condensed at nucleation sites, which after the addition of anions encourages nucleation. Anion induction in the cavity should also be faster than chemical reactions outside [69] .
In the case of II-VI semiconductor nanocrystals, it must be pointed out that they are usually prepared in non-polar organic solvents with phosphine ligands. It means that their aqueous dissolution requires surface modification with more polar or hydrophilic molecules. Bio-templated synthesis of such particles benefits not only from the water solubility of the protein shell but also from its biocompatibility and broadens their application possibilities. These properties can be achieved not only by using the nanoreactor route but also by using apoferritin shell reassembly in the presence of target NPs [63] .
The synthesis of ZnO NPs within the apoferritin cavity can be very difficult.
Since a concentration of OHanions around 10 mM (~ pH 11) is required for ZnO formation, most apoferritin molecules are denatured during the procedure. However, ZnO nanoparticles can be synthesised within the apoferritin cavity if Zn 2+ is stabilised in water against reaction with OHby the addition of ammonium water [Zn(NH3)4 2+ ] [54] . When this complex is situated near the threefold channel, Zn 2+ decouples from the complex due to chemical equilibrium and flows inside. Zinc inside the cavity is hydroxylated to Zn(OH)2 due to OHdiffusion inside and subsequently becomes ZnO by a dehydration reaction. Also, other nanomaterials such as Zn3(PO4)2, Cd3(PO4)2, Pb3(PO4)2, CO3O4, ZnSe, Pd, Ni, Cr, and several other nanoparticles can be synthesised using apoferritin [53, 65, [70] [71] [72] [73] . The scheme of NP synthesis using apoferritin is presented in Figure 3 . An attractive apoferritin nanoreactor application is the reconstruction of ferromagnetic iron oxide magnetite or maghemite (Fe3O4/Fe2O3) within the apoferritin cavity. This artificial magnetic protein is called magnetoferritin and it can be used as a dispersed bioorganic and magnetic material in various medical applications [74] . A solution of (NH4)2Fe(SO4)2 • 6H2O is slowly and in small increments added to a buffered solution of apoferritin (pH 8.5) along with small amounts of air to produce slow oxidation. Subsequently, anaerobic synthesis with the addition of a stoichiometric amount of oxidant probably reduces the creation of non-magnetic ferric oxides [75] . The creation of ferric/ferromagnetic nanoparticles is important in several technological applications like high-density magnetic data storage [76] .
APOFERRITIN AS A DRUG / GENE NANOCARRIER
The spherical cage in apoferritin can be used for the encapsulation of fluorescent dyes [77] , drugs [78] [79] [80] [81] [82] [83] [84] [85] , magnetic resonance imaging contrast agents [86, 87] , genes [88] or other compounds [89] . Due to the self-assembly activity of apoferritin and its response to the surrounding environment, it has several advantages for use as a nanocarrier. The formed cavities have uniform size, ensuring the high reproducibility of cargo encapsulation. In addition, the encapsulation protocol is very simple, based only on pH changes in the presence of molecules that are to be encapsulated. It shows very low cytotoxicity and high biocompatibility [90] . Figure 4 . A scheme of the drug encapsulation protocol in apoferritin and its release in cancer cells. The lower pH disassociates the subunits that are mixed with the drug (1). After increasing the pH, the drug is encapsulated (2) . The acidification of the endosome disassociates apoferritin and the drug is released (3).
Apoferritin is mostly discussed in relation to cancer treatment. In patients, when apoferritin is administered intravenously, there is close to no undesired release of cargo due to the near-to-neutral pH. However, the low endosomal pH in cancer cells allows the release of the cargo [88] . Figure 4 shows the encapsulation protocol and the release of apoferritin cargo in cancer cells.
Targeting of apoferritin
Apoferritin can enter target cancer cells through both passive and active targeting. Passive targeting is enabled by the enhanced permeability and retention (EPR) effect [91] . To ensure the EPR effect, the spherical nanocarriers should be less than 100 nm in size [92] [93] [94] . Healthy blood vessels have pores of 10 nm, so the nanocarrier needs to be larger [10] . Apoferritin with its diameter of 12.3 nm has just the right size. However, nanoparticles smaller than 20 nm, including apoferritin, can undesirably be removed from the body via renal clearance [9] . It is therefore suitable to increase the size of apoferritin slightly via surface modifications. Moreover, to prolong the blood clearance time of apoferritin, its surface can be modified with dextran [95] .
Apoferritin can enter cells through receptor-mediated endocytosis [17] as well as clathrin-mediated endocytosis by its specific receptors, TfR1 [96] and SCARA5 [97] . However, these receptors can be found not only on cancer cell membranes but also on the surface of many healthy cells [98] , such as TfR1 in kidney cells. Therefore, it is better to modify the surface of apoferritin with actively targeting moieties, which can also increase its size. This way, the apoferritin gets to the vicinity of the tumour by passive targeting (the EPR effect) and can enter cells by active targeting.
As a target, tumour cells or tumour endothelial cells are employed [99] . Using cancer cells as the target, apoferritin not only accumulates at the tumour site, but its uptake by cancer cells is enhanced. The targeting of cancer endothelial cells can even inhibit the growth of tumour blood vessels, leaving the tumour without an oxygen supply. A suitable targeting moiety should have its receptor homogenously overexpressed on the cancer cell membrane or endothelium [100] .
The apoferritin surface can be modified with antibodies [101] , antibody fragments [89] , proteins [102] , peptides [103] , vitamins [104] , DNA or RNA aptamers [105] or small molecules such as folic acid [106] . Covalent bonding of surface lysine with targeting moieties can be used for the surface modification of apoferritin [107].
The simplest targeting molecule is folic acid or folate. Folate receptors α and β are overexpressed by many types of cancer cells due to their greatly enhanced metabolism [108] . However, folic acid is a very small molecule and even with this modification, apoferritin is still small enough to be removed from blood via renal clearance.
Aptamers, i.e. DNA or RNA oligonucleotides, can bind to a variety of targets, including prostate-specific membrane antigen (PSMA) [109] or nucleonin [110] . They can be effectively used with other nanocarriers, but apoferritin modified with these aptamers may still be too small and thus removed from the organism through renal clearance. However, surface modification of apoferritin with aptamers and horseradish peroxidase can serve as a biosensor [105] . Its pH responsiveness can also be employed in biosensor design [111] .
Among the possible targeting moieties are cyclic or linear derivatives of arginine-glycine-aspartic acid (RGD) peptides. The introduction of this peptide onto the apoferritin surface can be performed by genetic modification [112] . RGD is a short amino acid sequence, which has high affinity to integrin αvβ3. The αvβ3 integrin is found in tumour angiogenic blood-vessel endothelial cells and cancer cells [103] . Apoferritin modification with these RGD derivatives leads to higher tumour uptake and better growth inhibition when compared to the free drug [113] .
The largest apoferritin particles are achieved by modification with antibodies. When using native antibodies, they can be immunogenic by binding of their Fc domain to the Fc receptors on healthy cells. To eliminate this problem, it is possible to use antibody fragments, containing only the Fab region [114] or inactivate the Fc region by binding to a peptide protein G derivative which can be attached to the apoferritin surface [115] . Moreover, using this approach ensures the correct orientation of antibodies with the antigen-binding site facing outwards from the nanocarrier.
Apoferritin in gene delivery
Recently, considerable attention has been focused on the delivery of genes or siRNAs to target cells for gene therapy. Via this process, it is possible to insert [116] , remove [117] , modify [118] or silence [119] defective genes, thus treating even genetically inherited disease. The most studied nanocarriers for the gene delivery include viral particles [120] , liposomes [121] and polymers [122] . Many artificial nanoparticles, however, can have negative side effects once administered to the patient. These include immunogenicity [123] or even embolisation because of nanocarrier aggregation [124] . Nanocarriers naturally found in the human body are therefore more suitable for these applications [12] .
A suitable nanocarrier for gene delivery should be able to protect the genetic cargo from degradation by nucleases. Moreover, it should not allow premature release of the cargo but should be able to release the cargo in target cells, thus delivering it to the nucleus [125] .
Since apoferritin can be loaded with a wide spectrum of molecules via the disassembly/reassembly process [79] , it is also possible to use apoferritin as a carrier for the delivery of genes. It is also a molecule naturally found in the human body and it possesses many of the abovementioned criteria making it suitable as a gene nanocarrier [18] . Also, its surface can be modified with moieties that are useful for gene delivery, such as poly(ethylenimine) [126, 127] .
Delivery of anticancer drugs
The delivery of anticancer drugs using apoferritin as a nanocarrier can lower the negative side effects of these drugs, such as the cardiotoxicity of doxorubicin [79] or seizures caused by cisplatin administration [128] . With water-soluble apoferritin, it is possible to dissolve drugs that are normally insoluble in water [7] . Due to the passive and active targeting of apoferritin, the drug concentration in the vicinity of the tumour is increased by 100-400% [91] , but the total administered dose can be significantly lowered [129] . The encapsulation of drugs in apoferritin increases their specificity and biocompatibility [130] , as well as their shelf-life [131] . Furthermore, since apoferritin is a major iron storage protein in humans, it has excellent biocompatibility and low immunogenicity [113] .
After encapsulation, apoferritin retains its structure and the encapsulation does not influence any groups on the apoferritin surface [85] . In addition, the molecules encapsulated in the apoferritin cavity can retain their properties, such as fluorescence [90] , which is very convenient for theranostic uses as a diagnostic marker. The encapsulated drug also retains its therapeutic properties [132] . The very first therapeutic molecule encapsulated in apoferritin was doxorubicin, with 28 doxorubicin molecules encapsulated within one apoferritin molecule [16] . Other cytotoxic drugs, such as daunomycin [133] , cisplatin [101] , carboplatin [128] , and oxaliplatin can easily be encapsulated in apoferritin using the same procedure; these complexes are able to enter tumour cells [85] . When a drug is encapsulated within apoferritin, its toxicity to healthy cells is significantly lowered, while it is still toxic to cancer cells [81] . The maximum tolerated dose of apoferritin with an encapsulated drug is four times higher than for the free drug. Moreover, no additional administration of drug is required [134] .
During the acidification of the endosome, the drug is gradually released [135] . The release can also be controlled by external stimuli. For this purpose, the apoferitin surface can be modified with thermoresponsive polymers [136] . Furthermore, it is possible to produce thin apoferritin films with controllable release by assembling negatively charged apoferritin on highly positively charged nanostrands [137] .
It is possible to create chimeras by fusing apoferritin with other proteins, such as hemagglutinin. This can create particles with immunisation properties to use as more gentle vaccination agents [138] .
The delivery of anticancer drugs can be combined with gene therapy to achieve even higher treatment efficiency [139] . The surface of apoferritin can also be modified with biotin and connected to streptavidin-coated magnetic nano-or microparticles to help guide the movement of apoferritin through the patient's body using an external magnetic field and to combine the targeted drug delivery with hyperthermic therapy [79] . Photosensitisers can be encapsulated within apoferritin for the combination of photodynamic therapy and chemotherapy [140] .
Due to the stability of apoferritin, there is almost no undesired drug leakage with prolonged storage [16] . Its stability and bioavailability can be further increased by the encapsulation of antioxidant molecules, such as curcumin [132] . The only undesired drug release occurs through the two hole defects left after the reassembly of apoferritin at low pH. When drugs containing metals are used, the association with metal binding sites on the interior of apoferritin eliminates this problem [141] . Non-metal-containing drugs can be precomplexed with a metal such as iron or better yet copper for such internalisation. This procedure can be applied to a wide variety of drugs, including doxorubicin, and the encapsulation efficiency is higher than with the simple disassembly/reassembly protocol [113] .
Apoferritin can be used not only as a nanocarrier for anticancer drugs, but also for other drugs, including antimicrobial molecules, such as silver ions and silver nanoparticles that can be used in the treatment of methicillin-resistant Staphylococcus aureus [80] .
CONCLUSION
The apoferritin protein nanocage is a very suitable molecule for use as a drug delivery vehicle. Its properties, such as size, excellent biocompatibility, easy modification and simple encapsulation protocol based on structural changes in different pH, present a large advantage when compared to the other nanocarriers. It contains multiple channels in its structure, employable for small nanoparticle synthesis.
Due to the encapsulation procedure, a wide variety of different molecules can be encapsulated within its cavity. It can therefore be used for simple chemotherapy, but also the combination of therapy with diagnostics, chemotherapy and photodynamic therapy, gene therapy or hyperthermia therapy. It can be used in not only the treatment of cancer but also other diseases, including bacterial infections.
The size of apoferritin is suitable for passive targeting to tumours and its surface can be modified with a variety of targeting moieties for specific use. Due to all these advantages, apoferritin might very well be the perfect molecule for nanomedicine.
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